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Although Parkinson’s disease (PD) is characterized primarily by loss
of nigrostriatal dopaminergic neurons, there is a concomitant loss
of norepinephrine (NE) neurons in the locus coeruleus.
Dopaminergic lesions induced by 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) are commonly used to model PD, and al-
though MPTP effectively mimics the dopaminergic neuropathology
of PD in mice, it fails to produce PD-like motor deficits. We
hypothesized that MPTP is unable to recapitulate the motor ab-
normalities of PD either because the behavioral paradigms used to
measure coordinated behavior in mice are not sensitive enough or
because MPTP in the absence of NE loss is insufficient to impair
motor control. We tested both possibilities by developing a battery
of coordinated movement tests and examining motor deficits in
dopamine �-hydroxylase knockout (Dbh�/�) mice that lack NE
altogether. We detected no motor abnormalities in MPTP-treated
control mice, despite an 80% loss of striatal dopamine (DA)
terminals. Dbh�/� mice, on the other hand, were impaired in most
tests and also displayed spontaneous dyskinesias, despite their
normal striatal DA content. A subset of these impairments was
recapitulated in control mice with 80% NE lesions and reversed in
Dbh�/� mice, either by restoration of NE or treatment with a DA
agonist. MPTP did not exacerbate baseline motor deficits in
Dbh�/� mice. Finally, striatal levels of phospho-ERK-1/2 and
�FosB/FosB, proteins which are associated with PD and dyskine-
sias, were elevated in Dbh�/� mice. These results suggest that loss
of locus coeruleus neurons contributes to motor dysfunction in PD.

dopamine � Parkinson’s disease � dyskinesias � dopamine �-hydroxylase

Parkinson’s disease (PD) affects �1% of the world’s aging
population (1). Despite this high prevalence and intensive

research into its origins, the etiology of PD remains largely
unknown. The disease is characterized by degeneration of
dopamine (DA) neurons in the substantia nigra pars compacta
(SN), and symptoms, which tend to manifest when �80% of
striatal DA is lost, include bradykinesia, postural instability,
rigidity, and resting tremor. 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a neurotoxin, is known to produce
parkinsonism in humans and causes severe DA loss in animals
(2). Because of its ability to recapitulate the neuropathology of
PD, MPTP is used widely in PD research. However, MPTP has
been unable to reliably reproduce the motor symptoms of PD in
mice, which limits the utility of MPTP-treated mice as an animal
model of the disease (3). Differences in mouse strain and
experimental paradigms may at least partially account for these
inconsistencies.

Despite the focus on DA, PD is more accurately described as
a multisystem disorder that features a profound albeit undera-
ppreciated loss of locus coeruleus (LC) neurons, as well as
variable damage to other brain regions (4–6). Postmortem
studies indicate that neuronal degeneration in the LC is com-
parable to that in the substantia nigra pars compacta, and that
it may actually precede DA degeneration in PD (5, 7, 8). LC
lesions exacerbate PD neuropathology and behavioral symptoms
in animal models, suggesting that the noradrenergic system may
partially compensate for DA loss (9–11). Therefore, a model that

simultaneously mimics both the NE and DA deficits seen in PD
could be of enormous value.

We hypothesized that the lack of reproducible motor deficits
in MPTP-treated mice could be attributed to either insufficiently
sensitive behavioral tests or the fact that MPTP alone does not
faithfully reproduce all of the multisystem features of PD,
particularly NE loss. We investigated these alternative explana-
tions in two ways. First, we used a combination of motor-
coordination tests, both traditional (pole test and stride length
measurement) and newer (challenging beam traversal, grid test,
automated gait analysis, and abnormal involuntary movements),
in an exhaustive effort to detect abnormalities in MPTP-treated
mice. Second, we screened for motor deficits in Dbh�/� mice
that lack NE and in Dbh�/� mice treated with MPTP.

Results
An Absence of Motor Impairment in MPTP-Treated Mice. Our efforts
to detect motor abnormalities after MPTP treatment entailed
testing 10- to 12-month-old mice in six different paradigms
designed specifically to assess motor behavior, coordination, and
balance. These included the pole test, challenging beam tra-
versal, automated gait analysis, stride length measurement, grid
test, and spontaneous dyskinesias [abnormal involuntary move-
ments (AIMs) scoring]. In accord with many previous reports,
we were unable to detect impairments on any of these tests in
MPTP-treated control mice, despite a dramatic loss of striatal
DA, except for an occasional AIMs parameter (P � 0.001, Table
1 and Fig. 1).

Dbh�/� Mice Have Numerous Abnormalities in Coordinated Move-
ment. To determine whether concurrent loss of NE is required
for MPTP-induced motor deficits, we tested 10- to 12-month-old
Dbh�/� mice in the same six behavioral paradigms both at
baseline and after MPTP treatment. Surprisingly, untreated
Dbh�/� mice were impaired on many tests. Dbh�/� mice
slipped more often through the grid than control mice in the
challenging beam traversal, took longer to orient down and
descend in the pole test, and showed a decreased back-paw brake
time according to gait analysis (Fig. 2 and data not shown) (gait
F1,70 � 7.976, P � 0.0062). In addition, Dbh�/� mice had higher
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AIMs scores than saline- or MPTP-treated control mice (Fig.
2b). Specifically, they exhibited greater axial and limb abnor-
mality scores, occasionally displayed a severe resting paw tremor,

and demonstrated an abnormal curved posture during sitting
and traversal during the challenging beam traversal [compare
control mouse in supporting information (SI) Movie 1 to
Dbh�/� mouse in SI Movie 2]. MPTP treatment did not
exacerbate any phenotypes in Dbh�/� mice (data not shown).

To determine whether the age of the mice had an impact on
motor performance, we also tested young (�3 months old)
control and Dbh�/� mice (SI Fig. 6). We found that there was
a modest age-related decline in performance in old control mice,
particularly for the beam traversal and AIMs scores. Young
Dbh�/� mice exhibited a trend toward worse performance
compared with young controls, but the differences were not
significant. Given the profound impairment in the performance
of old Dbh�/� mice compared with controls, these results
indicate the existence of an interaction between NE loss and age
in the development of deficits in coordinated movement.

LC Lesions in Control Mice Partially Recapitulate Dbh�/� Phenotypes.
One caveat when comparing Dbh�/� mice to MPTP-treated
mice is that the former experience a complete and lifelong NE
loss, whereas the latter have an 80% adult-onset DA loss. To
produce a better comparative group that more closely mimics the
LC loss observed in clinical PD, we induced an �80% NE lesion
in adult control mice by using N-(2-chloroethyl)-N-ethyl-2-
bromobenzylamine hydrochloride (DSP4; 50 mg/kg, i.p.; Table
1), which selectively lesions LC neurons. Coordinated movement
was tested 1 week later (to allow time for the lesions to stabilize).
DSP4 lesions in control mice partially recapitulated the Dbh�/�

Fig. 1. An absence of motor impairment in MPTP-treated mice. Shown is the
effect of MPTP treatment on the performance of control (Dbh�/�) mice on
number of slips on challenging beam traversal (a), frequency of abnormal
involuntary movements (b), time to orient down in the pole test (c), time to
descend in the pole test (d), number of squares traversed on grid (e), stride
length distance ( f), automated stride length distance (g), stride time (h), brake
time (i), and propel time (j). Automated gait analysis results of front and back
paws are shown in g–j. Control, n � 24–36; MPTP, n � 16. ***, P � 0.0001
compared with control.

Fig. 2. Motor impairment in Dbh�/� mice. Shown is the performance of
Dbh�/� mice compared with control Dbh�/� mice on challenging beam
traversal (a), frequency of abnormal involuntary movements (b), time to
orient down in the pole test (c), and time to descend in the pole test (d).
Control, n � 36; Dbh�/�, n � 37. **, P � 0.001 compared with control; ***,
P � 0.0001 compared with control.

Table 1. Neurochemical analysis of MPTP, DSP4, and 6OHDA lesions

Treatment
DA in

striatum, ng/mg DOPAC in striatum, ng/mg
DAT

in striatum, �g
NE in

HC/FC, ng/mg
NE in

heart, ng/ml

Control 19.82 � 0.34 1.66 � 0.34 15.02 � 0.72 HC 1.58 � 0.33 0.14 � 0.04
FC 0.48 � 0.03

MPTP 4.22 � 0.73*** 2.17 � 0.42 3.18 � 0.87*** FC 0.42 � 0.06 N/A
DSP4 N/A N/A N/A HC 0.29 � 0.09** 0.082 � 0.01
6OHDA N/A N/A N/A HC 1.52 � 0.14 0.008 � 0.01**

Striatal DA and 3,4-dihyroxyphenylacetic acid (DOPAC), hippocampal (HC) NE, and heart NE levels are shown as measured by HPLC and striatal DA transporter
(DAT) as measured by Western blot analysis to confirm MPTP, DSP4, and 6-hydroxydopamine (6OHDA) lesions. All values are in ng/mg of wet tissue weight except
DAT, for which tubulin-normalized microgram equivalents are shown. N/A, not applicable. **, P � 0.003 compared with control values; ***, P � 0.0001 compared
with control values. Control DA and DOPAC, n � 16; control DAT, n � 14; control HC NE, n � 6; control heart NE, n � 6; MPTP DA and DOPAC, n � 8; MPTP DAT,
n � 5; DSP4 HC NE, n � 7; 6OHDA HC NE, n � 6; DSP4 heart NE, n � 4; 6OHDA heart NE, n � 6; control frontal cortex (FC) NE n � 3; MPTP n � 5.
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motor phenotypes. DSP4-lesioned mice displayed motor impair-
ments on the challenging beam traversal (F2,60 � 10.18, P �
0.0002, Fig. 3a) and had high AIMs scores (F2,60 � 11.09, P �
0.0001), reminiscent of the Dbh�/� mice (Fig. 3b), but they did
not show similar deficits on the pole test (Fig. 3 c and d). The
higher AIMs scores in DSP4-treated mice were primarily attrib-
utable to axial disturbances and did not include the dramatic
resting-paw tremor seen in Dbh�/� mice. Importantly, DSP4
lesioned only central NE. There was a trend toward decreased
heart NE, but it was not significant (Table 1). An additional
group of mice given a selective peripheral NE lesion with
6-hydroxydopamine (6OHDA; 100 mg/kg, i.p., Table 1) did not
demonstrate motor impairment on the challenging beam tra-
versal (Fig. 3e).

NE Replacement in Dbh�/� Mice. We pharmacologically restored
central NE to Dbh�/� mice by administering L-3,4-dihydroxy-
phenylserine (DOPS) � benserazide (see Materials and Meth-
ods). Acute NE restoration significantly improved the perfor-
mance of Dbh�/� mice on the challenging beam traversal (F2,57
� 10.77, P � 0.0001; Fig. 4a) but not on the pole test (Fig. 4 c
and d), and actually increased AIMs (F2,57 � 17.61, P � 0.0001)
(Fig. 4b).

Stimulation of DA Receptors Improves Coordinated Movement in
Dbh�/� Mice. Despite increased tissue levels of DA, Dbh�/�
mice have decreased basal and evoked extracellular striatal DA
(12). We hypothesized that the motor impairments seen in
Dbh�/� mice could stem from their hypodopaminergic state. To

test this theory, we attempted to restore normal motor function
in Dbh�/� mice by administering the D1/D2 agonist apomor-
phine (0.5 mg/kg). Apomorphine significantly improved perfor-
mance on the challenging beam traversal (F2,76 � 10.74, P �
0.0001, Fig. 5a) and tended to improve the time to orient down
but not the time to descend, in the pole test (Fig. 5 b and c).

Blockade of DA Receptors Attenuates Dyskinetic Movements in
Dbh�/� Mice. Dbh�/� mice have an increase in high-affinity
state striatal DA receptors and are behaviorally hypersensitive to
direct and indirect DA agonists (12). Because some studies have
suggested that L-dopa-induced dyskinesias are due, in part, to
supersensitive DA receptors (13–15), we hypothesized that the
increased AIMs seen in Dbh�/� mice were the result of
excessive DA signaling events. In support of this idea, we found
that a low dose of the D1/D2 receptor antagonist f lupenthixole
(0.025 mg/kg) significantly reduced AIMs in Dbh�/� mice
(Dbh�/� � saline 4.38 � 0.44, Dbh�/� � f lupenthixole 2.83 �
0.21; P � 0.05, t test).

Dbh�/� Mice Have Increased Striatal Levels of Phospho-ERK-1/2 and
�FosB/FosB. Previous studies have correlated the molecular mark-
ers ERK-1/2 and �FosB/FosB with DA-associated motor deficits
and L-dopa-induced dyskinesias (16–18). Consistent with a
molecular PD-like phenotype, Western blot analysis revealed
that Dbh�/� mice had significantly more striatal phospho-ERK-
1/2 and �FosB/FosB than control mice (SI Fig. 7). MPTP
treatment did not significantly alter phospho-ERK-1/2 or
�FosB/FosB protein levels (data not shown).

Discussion
PD is characterized by a loss of nigrostriatal DA neurons. MPTP
is commonly used to recapitulate the neuropathology of PD in
animal models. Unfortunately, MPTP-treated rodents often do
not display the behavioral symptoms of PD. We explored
whether this problem could be overcome by using a more
sensitive behavioral testing battery and/or by developing a more
comprehensive model that includes deficits of the NE system
using Dbh�/� mice. We were unable to detect motor impair-
ment in MPTP-treated mice by using our test battery, suggesting

Fig. 3. LC lesions in control mice partially recapitulate Dbh�/� phenotypes.
Shown is the performance of DSP4-treated control (Dbh�/�) mice compared
with control and Dbh�/� mice on challenging beam traversal (a), frequency
of abnormal involuntary movements (b), time to orient down in the pole test
(c), and time to descend in the pole test (d). (e) Control mice and mice given
peripheral 6OHDA lesions did not differ in number of slips on challenging
beam traversal (Student’s two-tailed, unpaired t test). Control, n � 36;
Dbh�/�, n � 37; DSP4-lesioned control mice, n � 9. For 6OHDA experiment,
n � 5 for control and n � 6 for 6OHDA-lesioned mice. *, P � 0.05 compared
with untreated control; **, P � 0.01 compared with untreated control; ***,
P � 0.001 compared with untreated control; †, P � 0.05 compared with
Dbh�/� mice; ††, P � 0.01 compared with Dbh�/� mice.

Fig. 4. NE replacement in Dbh�/� mice partially restores motor coordina-
tion but exacerbates dyskinesias. Shown is the effect of NE replacement with
DOPS � benserazide (labeled DOPS) on performance of Dbh�/� mice on
challenging beam traversal (a), frequency of abnormal involuntary move-
ments (b), time to orient down in the pole test (c), and time to descend in the
pole test (d). Control, n � 36; Dbh�/�, n � 37; Dbh�/� given DOPS �
benserazide, n � 7. *, P � 0.05 compared with control; ***, P � 0.001
compared with control; †, P � 0.05 compared with untreated Dbh�/�; ††, P �
0.01 compared with untreated Dbh�/� mice.
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that an 80% loss of DA alone is insufficient to produce PD-like
behavioral deficits in mice. In contrast, Dbh�/� mice demon-
strated robust motor impairments on multiple tests. Dbh�/�
mice are bradycardic and hypotensive because of peripheral NE
and epinephrine (Epi) deficiency (19). However, peripheral
NE/Epi depletion and cardiovascular dysfunction cannot ac-
count for the motor phenotypes observed in Dbh�/� mice. A
subset of these impairments, particularly the challenging beam,
were recapitulated in control mice with LC lesions but not
peripheral NE/Epi lesions and were reversed by central NE
replacement in adult Dbh�/� mice, indicating that a subset of
impairments were specifically related to NE deficiency in the
brain and not peripheral NE depletion or developmental ab-
normalities from gene knockout. Some motor deficits were
rescued by DA agonists or antagonists, suggesting that dysregu-
lated DA signaling contributed to these phenotypes.

NE Loss Causes Motor Impairment. We suggest two possible mech-
anisms for the motor impairments of Dbh�/� and LC-lesioned
mice. First, NE may be directly necessary for normal motor
control. The cerebellum, which is important for coordinated
movement and balance, receives direct noradrenergic input (20).
Second, NE is required for the normal firing patterns of DA
neurons and striatal DA release. For example, Dbh�/� mice and
DSP4-lesioned animals have low basal and evoked striatal DA
release (12, 21). Our results suggest that the motor deficits
observed on the challenging beam traversal (and aspects of the
pole test) are due to a hypodopaminergic state rather than
cerebellar abnormalities. These same motor control tests have
been used to detect dopaminergic deficits (22, 23), and the
impairments in Dbh�/� mice were reversed by apomorphine, a
DA agonist. In addition, the DOPS paradigm we used rescues the
motor deficits but does not restore cerebellar NE to Dbh�/�
mice (24), and selective cerebellar NE depletion in rats does not
worsen baseline performance on a motor test nearly identical to
the challenging beam traversal (25). These combined data
suggest that at least some of the motor impairments observed in
Dbh�/� mice stem from a loss of dopaminergic tone, not
cerebellar dysfunction. Some motor abnormalities in Dbh�/�
mice (e.g., slowness in orienting down the pole) were not
recapitulated by DSP4 lesions in control mice, suggesting that
NE systems other than the LC (e.g., the ventral noradrenergic

bundle) are important in motor control. Nor were all abnormal-
ities rescued by apomorphine, suggesting that noradrenergic
regulation of nondopaminergic motor areas is also important.
Interestingly, the motor deficits in Dbh�/� mice were apparent
only in older mice, indicating that, at least in this model, an
interaction between NE loss and age determines behavioral
outcome (see SI Fig. 6).

Why, then, does NE depletion cause these phenotypes,
whereas an 80% loss of DA does not? When the DA system is
lesioned with MPTP, the small number of DA neurons that are
spared have a compensatory increase in activity, resulting in
normal or even elevated DA turnover [as measured by dihy-
droxyphenylacetic acid (DOPAC) levels and DA/DOPAC ratio]
despite fewer terminals (Table 1) (26, 27). By contrast, because
NE is required for DA-neuron firing and DA release, NE-
deficient animals (Dbh�/� mice or DSP4-lesioned animals)
have very low extracellular DA levels, despite normal tissue DA
content in the striatum (12, 24). Thus, the LC neuron loss in PD
may exacerbate the motor symptoms associated with DA-neuron
loss by disabling the firing capabilities of surviving DA neurons.

An important remaining question is why does MPTP treat-
ment in the absence of LC lesion cause PD-like motor deficits in
primates but not mice? One possibility is that basal ganglia
function differs between species. However, although it was
initially reported that MPTP did not cause LC cell death in
nonhuman primates, it has now become clear that typical
nonhuman primate MPTP regimens nearly always result in LC
cell death and/or loss of NE from terminal fields (28–34). In
contrast, typical MPTP dosing regimens cause profound DA
depletion with little effect on LC neurons or NE content in mice
(10, 35–38). Furthermore, primate models that attempt to create
a ‘‘pure’’ dopaminergic loss with intrastriatal/intranigral toxin
injections typically produce only sensorimotor deficits and do not
recapitulate the cardinal symptoms of PD (e.g., resting tremor
and akinesia) (39, 40). The integrity of the noradrenergic system
is not commonly addressed in mouse MPTP studies, and we
suspect that differences in noradrenergic damage across strains
and dosing regimens contribute to the variability in reported
behavioral results in MPTP-treated mice. Thus, it appears that
the species difference is a result of differential effects of MPTP,
not basal ganglia function, and suggests that NE loss is a critical
component of PD-like motor deficits in both mice and nonhu-
man primate MPTP models. One important consideration with
most lesion models (e.g., 6OHDA or MPTP) is that because the
substantia nigra pars compacta and striatum both receive direct
noradrenergic innervation (41, 42), direct infusion of these
toxins damages both DA and NE neurons. Therefore, the only
way to create a pure DA lesion would be to pretreat animals with
a selective NE transporter inhibitor before toxin administration.
A recent study in rats has shown that unilateral infusion of
6-OHDA into the medial forebrain bundle (NE and DA loss)
produced dyskinesias of earlier onset and greater severity than
in rats given a NE transporter inhibitor � 6-OHDA (DA loss
alone) (43). It is not our opinion that a noradrenergic loss rather
than a DA loss is solely responsible for the behavioral manifes-
tations of PD. A pure DA loss, if extreme enough, can produce
motor impairment in mice (44, 45). Rather, our data imply that
the loss of NE and DA has a synergistic effect on the emergence
of the parkinsonian phenotype, particularly in the early-to-mid
stages of the disease when sufficient numbers of DA neurons are
intact and attempting to compensate.

Dbh�/� Mice Exhibit Dyskinetic Behavior. In addition to the deficits
in coordinated movement, Dbh�/� mice also demonstrated
dyskinetic behavior on the AIMs scale. Dyskinesias are common
side effects of long-term L-dopa therapy and may involve changes
in DA-receptor function and signaling (14, 46, 47). Although
Dbh�/� mice are typically hypodopaminergic, due to decreased

Fig. 5. Stimulation of DA receptors improves motor behavior in Dbh�/�
mice. Shown is the effect of the D1/D2 agonist apomorphine (APO) on per-
formance of Dbh�/� mice on challenging beam traversal (a), time to orient
down in the pole test (b), and time to descend in the pole test (c). Control, n �
36; Dbh�/�, n � 37; Dbh�/� mice given apomorphine, n � 8. **, P � 0.01
compared with control; ***, P � 0.001 compared with control; †, P � 0.05
compared with untreated Dbh�/� mice.
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DA release, they have more high-affinity state striatal DA
receptors and are behaviorally hypersensitive to direct and
indirect DA agonists (12, 48). We propose that under ‘‘basal’’
conditions, Dbh�/� mice have very little DA signaling, but on
those rare occasions that a burst of DA is released in the
striatum, the hypersensitive DA receptors cause a hyperdopam-
inergic response manifesting as a dyskinetic-like movement. In
support of this hypothesis, DSP4 lesions produce both DA-
receptor hypersensitivity (49) and dyskinesias (this study), and
the D1/D2 antagonist f lupenthixole partially attenuates dyski-
nesias in Dbh�/� mice. NE replacement with DOPS in Dbh�/�
mice worsened dyskinesias, probably by acutely restoring normal
DA release without normalizing DA-receptor sensitivity. Inter-
estingly, �2-adrenergic-receptor antagonists are moderately ef-
fective in decreasing L-dopa-induced dyskinesias, although the
mechanism is not understood (50–52).

Molecular Markers of DA Motor Impairment. There are molecular
markers, such as the immediate early genes, ERK-1/2, and
�FosB/FosB, that correlate with DA lesions and dyskinetic
behavior in animal models and postmortem PD brains (17, 53,
54). Because Dbh�/� and DSP4-lesioned mice have abnormal-
ities in DA transmission and display spontaneous dyskinetic-like
movements, we examined striatal levels of phospho-ERK-1/2
and �FosB/FosB protein. We found that both ERK-1/2 and
�FosB/FosB were significantly increased in the striatum of
Dbh�/� mice. This finding indicates that NE loss promotes not
just motor impairment, but also PD-like changes in striatal gene
expression, further confirming the importance of an interaction
between the NE and DA systems.

Implications for Preclinical and Clinical PD. Many animal models have
failed to simultaneously recapitulate both the neuropathological
and behavioral symptoms of PD, perhaps because they model PD
as a pure DA deficit, rather than as a multisystem disorder that
includes the NE and DA systems. Although PD is characterized by
a loss of DA nigrostriatal neurons, there is also a profound loss of
noradrenergic LC neurons that rivals the loss of nigral neurons (4,
5, 7, 8). Therefore, the Dbh�/� mouse is a valuable complement
to the current mouse PD models for three reasons: it has a dual
impairment of NE and DA transmission that more accurately
reflects clinical PD, the neurochemical impairments manifest as
disturbances in coordination and balance, and the mice have
spontaneous dyskinesias and changes in striatal gene expression
reminiscent of those produced by chronic L-dopa treatment.

Early detection and treatment of PD is difficult because the
motor symptomology does not become evident until 80% of DA
neurons are lost, suggesting the existence of an impressive com-
pensatory system. Our results indicate that this system may involve
a significant noradrenergic component. Because LC loss coincides
with nigral loss during PD progression, the behavioral manifesta-
tion of PD symptoms may involve a threshold loss of both DA and
NE. Intriguingly, dopamine �-hydroxylase activity in humans is
genetically controlled (55). On the basis of our results, we predict
that PD patients with genetically low dopamine �-hydroxylase
activity may have earlier onset or more severe motor symptoms and
may be more prone to developing dyskinesias. In addition, we have
shown that increasing extracellular NE protects DA neurons from
MPTP toxicity (56), which implies that noradrenergic drugs could
have dual therapeutic functions, by both preventing the progression
of DA-neuron loss in PD and, when combined with L-dopa therapy,
alleviating PD-associated motor deficits.

Materials and Methods
Animals. We used 3-month-old and 10- to 12-month-old knockout
(Dbh�/�) and control (Dbh�/�) mice that were kept under
conditions of a 12-hour light/dark cycle, with the light on between
0700 and 1900 hours at a room temperature of 21°C, and food and

water available ad libitum. Animals were treated in accordance with
National Institutes of Health Intramural Animal Care and Use
Program guidelines. The experiments described in this article
followed the Emory University Division of Animal Resources’ Care
and Use of Laboratory Animals guidelines and were approved by
the Emory Institutional Animal Care and Use Committee. Data
from male and female mice were combined given that there were
no detectable sex differences. Because of breeding technicalities,
Dbh�/� mice were used as controls, because they have normal
brain NE levels and are behaviorally identical to wild-type
(Dbh�/�) mice (57, 58). Mice were maintained on a mixed
C57BL/6J and 129SvEv background.

Behavioral Measures. All mice were handled 1 week before testing.
Behavioral tests included challenging beam traversal, pole test,
stride length, automated gait analysis, grid test, and AIMs. Detailed
methods for behavioral tests are available in SI Methods.

Nigrostriatal DA System Lesions. MPTP (30 mg/kg; Sigma–Aldrich,
St. Louis, MO) was administered s.c. twice, with a 12-h interval
between injections (60 mg/kg cumulative dose). Saline was used
as the vehicle for MPTP and was injected into both control and
Dbh�/� mice. This MPTP dosing regimen in these mice resulted
in �80% loss of striatal DA in HPLC measurements (Table 1).
The lesions were allowed to stabilize for 1 week before mice were
subjected to behavioral testing.

LC Lesions. DSP4, which selectively lesions LC neurons, was
administered i.p. to mice at doses of 50 mg/kg. DSP4 was
dissolved in saline immediately before injection and used within
2 min to avoid degradation. The ensuing lesions were allowed to
stabilize for 1 week before behavioral testing. A dose–response
measurement was performed by using 30, 40, and 50 mg/kg DSP4
to find a dose that would create a degree of loss to NE terminals
that would parallel the loss of DA terminals with our MPTP
paradigm (data not shown). According to neurochemical anal-
ysis with HPLC, the 50 mg/kg dose of DSP4 typically results in
an �80% noradrenergic terminal loss (hippocampus), a finding
that is in accord with previous groups (59) and was confirmed in
our own studies with HPLC analysis (Table 1). This dose did not
result in 5-hydroxytryptamine loss or DA loss and was specific to
the noradrenergic system, also in agreement with Fornai et al.
(9). Furthermore, this dose of DSP4 did not significantly reduce
peripheral (heart tissue) NE (Table 1).

Chemical Sympathectomy. Control mice (Dbh�/�) 15 months old
were injected with 100 mg/kg 6OHDA (coinjected i.p. with 0.01%
vitamin C to prevent oxidation) to induce a chemical sympathec-
tomy, and mice were tested on the challenging beam traversal 7 days
after 6OHDA administration. 6OHDA is unable to cross the
blood–brain barrier and, therefore, specifically lesions the periph-
eral noradrenergic system without affecting brain catecholamines.
Lesions were confirmed with HPLC electrochemical detection by
analyzing heart NE content as positive control and brain hippocam-
pal NE as a negative control. This regimen resulted in �90% loss
of peripheral but not central NE/Epi (60, 61) (Table 1).

NE Replacement in Dbh�/� Mice. Central NE was acutely restored
in Dbh�/� mice with DOPS and benserazide administration
(24). DOPS can be converted to NE by aromatic acid decarbox-
ylase, and benserazide is a peripheral aromatic acid decarbox-
ylase inhibitor that restricts NE production to the brain. Mice
were injected s.c. with DOPS (0.5 mg/g; Dainappon–Sumitomo
Pharmaceuticals, Osaka, Japan) and benserazide (0.125 mg/g;
Sigma–Aldrich), then behaviorally tested 5 h later, once maximal
NE levels were attained. This dose of DOPS has previously been
shown to restore NE in the brain to 11–26% of control levels in
the frontal cortex, occipital cortex, brainstem, hippocampus,
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olfactory bulb, hypothalamus, thalamus, colliculi, amygdala,
striatum, and midbrain. However, NE is not restored to the
cerebellum at this dosage. In addition, Epi is also not restored in
most brain regions, including the striatum and brainstem.

Administration of DA-Receptor Agonists/Antagonists. Vehicle (0.9%
NaCl) and either the mixed D1/D2 agonist apomorphine (0.5
mg/kg; Sigma–Aldrich) or the D1/D2 antagonist f lupenthixole
(0.025 mg/kg; Sigma–Aldrich) was administered i.p. to Dbh�/�
mice 30 min before behavioral testing. Dose–response experi-
ments were performed to select doses that minimized locomotor
effects in control mice (data not shown).

Neurochemical Analysis. HPLC with electrochemical detection
was used to determine striatal DA, DOPAC, and frontal cortical,
hippocampal, and cerebellar and heart NE. Details are available
in SI Methods.

Data Analysis. All data were analyzed by using Prism 3.0 software
(GraphPad, San Diego, CA). Control vs. Dbh�/� mice and
control vs. MPTP-treated mice were compared with two-tailed
Student’s t tests for behavior and Western blot analysis. One-way
ANOVA with Bonferroni posthoc analyses was used to compare
control and Dbh�/� mice with DSP4, DOPS, 6OHDA, apo-
morphine, or flupenthixole treatment. Two-way ANOVA with
Bonferroni posthoc analysis was used to compare genotype and
paws (front and back) for gait analysis parameters. The same
untreated controls and Dbh�/� mice were used for comparisons
with each treatment.

We thank T. Guillot for technical assistance with the gait analysis, C.
Strauss for critical reading of the manuscript and helpful suggestions, and
Dainappon–Sumitomo Pharmaceuticals for their generous donation of
DOPS. This work was funded in part by Public Health Service National
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